Abstract-The present work investigated the corrosion reliability of five Sn-Ag-Cu (SAC) based lead-free solder alloys. The first focus was placed on microstructural analysis of the intermetallic compounds (IMCs) formation in the ingots of SAC alloys and their influence on micro galvanic corrosion performance. The microstructural and phase analysis of solder alloys has been carried out using the scanning electron microscope (SEM), energy dispersive spectroscopy (EDS), and Xray diffraction (XRD) methods. With the potentiostatic technique, the galvanic corrosion has been confirmed between cathodically active Bi phase and anodic (Sn, Sb) solid solution in InnoLot alloy, while the Ag3Sn phase was cathodically active in the other four alloys. In industrial application point of view, the electrochemical migration (ECM) has been reported as the critical issue. Therefore, in order to investigate the ECM susceptibility of five lead-free solder alloys, the study of the solder alloys has been conducted by water droplet (WD) tests on pure alloy ingot samples, and by accelerated humidity/temperature cycling tests on soldered surface insulation resistance (SIR) comb pattern. A ranking of susceptibility for five alloys has been confirmed by Weibull analysis (63.2% failure rate), leakage current level, and charge transfer over time. The paper theoretically illustrated the reason for the differences in corrosion reliability in the five alloys based on the composition and distribution of IMCs.
I. INTRODUCTION
The application of lead-bearing solder alloys has been broadly implemented in electronic industry since 1950s due to its low cost and certified material properties [1] . However, use of lead is not environmental friendly and poisonous to human beings. However, researchers were searching for alternatives to lead-bearing, and number of publications can be found in this area. Yang [1] and Katsuaki [2] reported Sn-Ag-Cu (SAC) alloy is the prominent replacement material for lead-bearing solder based on the melting temperature, cost and selective soldering processing. Using CALPHAD method, Moon et al. [3] simulated the eutectic composition of SAC alloy as 3.5 wt.% ± 0.3 wt.% Ag and 0.9 wt.% ± 0.2 wt.% Cu at 217 °C. This thermodynamic estimation was close to the composition of commonly used commercial products, such as SAC 305 in Japan, SAC 387 in EU and SAC 396 in USA [4] . Although, the thermal cycling properties of SAC 305 alloy is better than leadbearing solder alloy, reported by Morgana et al. [5] , the mechanical shock performance of SAC 305 alloy was not reliable as lead-bearing solder alloy [5] [6] . Thus, low-Ag content lead-free solder alloys have been developed in order to reinforce the mechanical shock resistance. However, the lowAg content solder alloy cannot satisfy the thermal fatigue resistance of high reliability applications as reported by Maurice [6] and Hamasha [7] . Then, the third generation of solder alloys with relatively high Ag-content doped with additives, known as InnoLot and Castin, have been developed. Compared to lead-bearing alloy, InnoLot behaved more reliable under accelerated thermal cycling tests resulting from the strengthening of solid solution formation and toughening effect [6] .
Corrosion reliability of lead-free solder alloys has been investigated for various aspects. Wang et al. [8] reported microgalvanic corrosion between cathodically active Ag3Sn phase and anodic Sn phase. Another work of Wang et al. [9] reported the microstructure of SAC 305, but the microstructure influenced the pitting behavior, while the microstructure did not have influence on the polarization behavior. Only few paper have reported on the microstructural effects of low-Ag content solder alloys and InnoLot on corrosion behavior. Pure Bi phase was heterogeneously distributed in the bulk of the solder alloy [6] [10] and it may introduce significant effect on corrosion behavior of the InnoLot solder alloy [9] . Medgyes et al. [11] ranked the ECM susceptibility of low-Ag content solder alloys using the WD tests on the soldered standard comb patterns. No-clean solder paste with WOAs as activators has been applied when producing soldered standard comb patterns. Presence of flux residue found to influence the ECM behavior.
[12] [13] . Therefore, in order to control the contamination on the soldered standard comb patterns, the flux residue is required to be completely removed. Zhong [14] and Yu [15] conducted ECM tests directly on the solder alloy to avoid flux contamination.
In the current study, the corrosion reliability of five leadfree solder alloys were investigated. The focus was placed on the influence of IMCs to corrosion behavior of solder alloys using potentiostatic method, ECM susceptibility of solder alloys using WD method and humidity/temperature cyclic testing on residue-free SIR pattern.
II. EXPERIMENTAL PROCEDURES

A. Material Preparation and Characterizations
Lead-free solder alloy ingots were used in IMCs microstructure analysis and WD testing. Five lead-free solder alloy ingots have been manufactured in an Ar gas protected ambient, using melted commercial solder paste in a pre-heated (between 150-170 °C), flux filled Pyrex glass tube. [16] The elemental composition was shown in Table. 1. Corrosion morphology of the surface including the effect of IMCs were imaged using scanning electron microscope (Inspect S, FEI, USA) with an EDS detector (50 mm2 X-Max, Oxford Instrument, UK). The phase analysis was carried out using X-ray diffractometer (D8 Advance, Bruker, USA) with a molybdenum anode. The contact potential difference (CPD) measurements were conducted with Multimode 8 AFM microscope (Bruker, USA), using the kelvin probe force microscopy mode of amplitude modulation (AM-KPFM) method. The AFM microscope was equipped with conductive PointProbe Plus (Nanosensors, Switzerland) electrostatic force microscopy (PPP-EFM) probes.
B. Potentiostatic Testing
A copper wire has been soldered on the backside of solder alloy in order to create an electronic connection for potentiostatic testing. The solder ingots with wire connected were cold mounted using epoxy resin (Epofix Resin, EpoDye, Struers, Denmark). Final surface finishing was using 50 nm neutral alumina suspension. An insulation mask was applied to the surface with a working area of 28.26 mm2. In order to investigate the effect of IMCs on the corrosion behavior of five lead-free solder alloy, the experiment was carried out with potentiostatic pitting tests using "Biologic VSP" single channel potentiostat (Bio-Logic Instrument, France). The tests were performed with Ag/AgCl (aqueous saturated KCl) reference electrode and platinum coated titanium counter electrode. The electrolyte used for all the electrochemical tests was 3.5 wt.% aqueous sodium chloride solution. To generate pitting, a 50 mV potential over open circuit potential (Eoc) has been applied potentiostatically for 2 min after 5 min stabilization of Eoc. To observe the final morphology of the corrosion surface, the bias voltage has been set at 500 mV for 10 min after 5 min stabilization of Eoc.
C. WD test
For WD testing, copper wires were connected to two parts of alloy ingots as cathode and anode. The cathode and anode parts were cold mounted with a gap size of 0.5 mm in epoxy with electrode facing parallel. The experiment was conducted with chronoamperometry technique using "Biologic VSP" multichannel potentiostat (Bio-Logic Instrument, France). A 5 V direct current (DC) voltage was applied to the specimen and the leakage current was recorded using EC-Lab software. Before conducting the WD testing, the final surface finishing for the WD test specimen was done using SiC #1000 grits. Unwanted surface area of the electrodes were masked using insulation tape with an exposed working area of 19.63 mm 2 .
Tests were conducted in pure water and 0.0156g/L NaCl aqueous solution. The WD tests were repeated for ten times in each electrolyte.
D. Accelerated Humidity/Temperature Cycling Testing
The accelerated humidity/temperature tests were conducted in "Espec PL-3KPH" climatic chamber with a certainty of ± 0.3 degree Celsius and ± 2.5% relative humidity. Before starting the tests, the samples were set to equilibrate with the environment in the climatic chamber at 25°C/97% RH for 1 hour. After the settling time, the testing was conducting by cycling the temperature between 25 °C and 55°C, while the RH value was set constant at 97%. These cycling test conditions were adapted from IEC 60068-2-30 environmental testing standard. The duration of the experiment was 168 h. The bias voltage applied to the SIR comb pattern was set at 10 V DC using "Biologic VSP" multichannel potentiostat. The leakage current was recorded using EC-Lab software. The tests automatically stopped either the current exceeded 20 mA or after 168 h. III. Two phases have been observed in SAC 305 alloy from SEM backscattering image (BSI), which indicated by EDS mapping result as Sn-rich phase and Ag-Cu-rich phase. In SACX Plus 0307, SACX 0807 and SACX Plus 0807 alloys, three phases were found namely Sn-rich phase (dark grey region), Ag-rich phase (bright grey region) and Cu/(Cu,Ni)-rich phase (black region), indicated by the EDS mapping result. The Sn-Sb and Cu-Ni solid solution have been observed in the BSI micrograph and EDS mapping result of InnoLot alloy shows the the dark grey region and black region. Additionally, Ag-rich phase (bright grey region) and pure Bi phase (white region) have been observed.
The IMCs combinations of five lead-free solder alloys have been illustrated by XRD phase analysis. Ag3Sn, Cu6Sn5 and β-Sn have been found in SAC 305 and SACX 0807 alloys. Also, three phases were found in SACX Plus 0307 and SACX Plus 0807 alloys as Ag3Sn, (Cu,Ni)6Sn5 and β-Sn. In InnoLot, Ag3(Sn,Sb), (Cu,Ni)6(Sn,Sb)5, (Sn,Sb) and Bi phases have been found.
After the potentiostatic pitting tests, the formation of pitting was found at preferred phase (bright grey phase) in five solder alloys, shown in Fig. 2 . BSI micrographs and EDS mapping result elucidated the preferred pitting phase is β-Sn in SAC 305, SACX Plus 0307, SACX 0807 and SACX Plus 0807 alloys. All the pitting formed close to the cathodically active Ag3Sn phase. Whereas in InnoLot alloy, the pitting formation was found in Sn-Sb solid solution and near the pure Bi phase, which indicated pure Bi phase is the cathodically active phase. Supplementary EDS mapping results clarified the dark region at β-Sn/(Sn,Sb) in BSI micrograph is pitting rather than Cu-rich phase.
The results from WD tests were summarized in Weibull distribution plots. Each point on the Weibull percentiles plot indicated a time to failure due to dendrite bridged anode and cathode. Scale parameter indicated the time at 63.2% failure rate.
When pure water has been applied for the WD tests, the ranking of scale parameter was: SACX 0807 (212.95) < InnoLot (240.68) < SAC 305 (299.34) < SACX Plus 0307 (303.74) < SACX Plus 0807 (364.23). The ranking of first current leakage for each solder alloy was: SAC 305 (34s) < SACX 0807 (47s) < SACX Plus 0307 (92s) < SACX Plus 0807 (112s) < InnoLot (118s). The number of failure during WD tests for each solder alloy was: SACX Plus 0807 (4) < SACX Plus 0307 (5) < SAC 305 (6) < InnoLot (7) < SACX 0807 (8).
When 0.00156g/L and 0.0156g/L of aqueous sodium chloride solution have been applied for the WD test, all the specimen failed. The ranking of scale parameter for each alloy with 0.0056g/L and 0.056g/L NaCl solution: SAC 305 (36.74, 9.08) < SACX Plus 0307 (37.15, 9.24) < SACX 0807 (37.65, 9.94) < SACX Plus 0807 (46.45, 10.52) < InnoLot (54.11, 13.03). During the WD tests, shown in Fig. 3 ., the tinhydroxide was homogeneously formed along the edge of cathode and grow on the opposite direction of the anode, and the dendrite formed uniformly along the edge of cathode and grow towards the anode. All the shape parameters in the present work are higher than 1, which indicate the increase of Mean-Time-To-Failure (MTTF). A significant decrease of scale parameter for each alloy can be seen when increasing the concentration of aqueous sodium chloride solution, whereas the shape parameter for each alloy had a significant increase.
The temperature cycling at high RH induced transient water condensations on the surface of test board with SIR pattern, which acted as medium for ion transport between electrodes. The condensation was more pronounced during temperature increase step from 25°C to 55°C. The LC measurement recorded the change of SIR current during accelerating humidity/temperature cycling tests for each soldered SIR comb pattern. The first ECM failure of SACX Plus 0307 alloy was found after the first round of temperature cycling as shown in Fig. 4 . The LC measurement of SACX Plus 0307 alloy stopped when the leakage current exceeded 20 mA after 20 round temperature cycles. The first LC failure of SAC 305 was found after 15 temperature cycles. No failure occurred for SACX 0807, SACX Plus 0807, and InnoLot alloy. Dendrite formation was found at the gap of SAC 305 and SACX Plus 0307 alloys soldered SIR comb patterns using LOM observation. Based on the LC measurement, the ranking of charge transfer over time for various alloys was: SAC 305 > SACX Plus 0307 > SACX 0807 > SACX Plus 0807 > InnoLot.
IV. CONCLUSION
x The ECM susceptibility ranking of five lead-free solder alloys: SAC305 > SACX Plus 0307 > SACX 0807 > SACX Plus 0807 > InnoLot.
x The pitting formation has been found at (Sn, Sb) solid solution in InnoLot and β-Sn phase in the rest four alloys during potentiostatic tests. The Sb addition provided a better corrosion resistance compared to the pure β-Sn phase. Cathodically active Bi phase introduced galvanic corrosion in InnoLot alloy, whereas the Ag3Sn IMCs introduced galvanic corrosion in rest of the four alloys.
x The ECM failure of SAC 305 alloy was attributed to the presence of high level of Ag3Sn IMCs phase in the alloy, whereas the susceptibility of low-Ag content solder alloys was dependent on the distribution of the Ag3Sn IMCs. Heterogeneous distribution of Ag3Sn IMCs compound can lead to localized galvanic coupling and contribute to the ECM failure. ACKNOWLEDGMENT This work was carried out as a part of CELCORR/CreCon consortium (www.celcorr.com) and the authors would like to acknowledge the consortium partners who provide the funding and help. Bálint Medgyes would like to thank the support for the National Research, Development and Innovation Office -NKFIH, PD 120898.
